Climate change projections for central British Columbia indicate a rise in temperature over the 20 coming century without a commensurate increase in precipitation, leading to more frequent and severe 21 drought stress in forest stands (Dawson et al. 2008) . Mortality resulting directly from moisture deficit is 22 expected to increase under such climate change (Allen et al. 2010) , while insect pests and pathogens are 23 expected to become more abundant (Woods et al. 2010) . Stand thinning has been recommended as a means 24 of reducing these risks (Sohn et al. 2013 ) while maintaining productivity in the short-to mid-term (Elkin et 25 al. 2015) . Thinning reduces canopy interception of rainfall and inter-tree competition for soil moisture, 26 resulting in greater moisture availability to residual trees (Bréda et al. 1995) . Trees in thinned stands have 27 maintained higher transpiration rates during droughts compared to controls (Lagergren et al. 2008) and 28 have shown less growth reduction in drought years (Laurent et al. 2003) . 29
The spatial distribution of trees following thinning may be uniform, random, or clustered depending 30 on the objectives, stand conditions, and harvesting equipment used. Uniform spacing has been 31 recommended for centuries as a means of maximizing yield, but a random pattern often emerges as 32 compromises are made to retain the best growing stock (Evelyn 1662) . Clumpy distributions are common 33 in naturally established forests (Harrod et al. 1999 ) and this pattern is sometimes encouraged to support 34 specific wildlife habitats (Long and Smith 2000) . Clumpy distributions also result from row thinning in 35 plantations (Makinen 2005 ) and the practice of harvesting trees from corridors at more or less equal 36 D r a f t D r a f t 5 competitive situations after the harvest. This study compares the post-harvest growth rates, long-term 67 climate/growth relationships, and growth response to one and two-year droughts among three post-harvest 68 situations: open growing within a harvest trail ("Open"), harvest trail edge ("Edge"), and unharvested 69 interior between harvest trails ("Interior"). This retrospective approach uses tree ring analysis to compare 70 trees in these three categories of competition, providing an assessment of harvesting practices common in 71 the region. Long-term relationships between seasonal climate and growth are relevant in the context of 72 climate change projections specific to a particular season (e.g. Dawson et al. 2008) , while growth response 73 to short-term droughts reflects both the risk of direct mortality during drought (McDowell et al. 2008) and 74 the ability of the tree to defend itself from secondary insects during times of stress (Rudinsky 1966) . 75
Methods 76
Study Area 77
The study area is located in south-central British Columbia, 14-52km south of the City of Williams 78 Lake and 400km north of the City of Vancouver. The region is in the rain shadow of the Coast Mountain 79 range with a mean annual precipitation of 489mm at the Williams Lake weather station 80 (http://www.ec.gc.ca/dccha-ahccd/ accessed 2017). Seasonal and annual mean temperatures have increased 81 significantly since the 1950s and are projected to continue rising in the 21 st century, while no significant 82 change in precipitation has been observed and relatively minor changes are projected (Dawson et al., 2008) . 83
Iverson, 2002). Logging in the 1970s was focused on the removal of large sawtimber, with a centrally-90 located landing collecting logs from a 150-300m radius. Harvesting trails radiate from the central landing at 91 a spacing of 15-25m and branch to maintain spacing at greater distances. Smaller trees were sometimes cut 92 either for harvest or to make way for equipment, but the uneven-aged structure of most primary-growth 93 stands resulted in widespread retention of small trees between harvest trails, and in some cases within the 94 trails, which were often over 6m wide and up to 12m where trails branch (all distances measured from 95 aerial images). This pattern is repeated frequently in dry Douglas-fir forests around Williams Lake, while 96 clearcutting becomes more common in adjacent cooler and moister forests dominated by lodgepole pine. Three sites contained all competition classes and were deemed appropriate for sampling (Figure 1 ).
Subject trees were selected to represent three levels of post-harvest competition: between harvest 114 trails, with no potential competitors removed ("Interior"), on the edge of harvest trails with potential 115 competitors removed on only one side ("Edge") and within the harvested area with all potential competitors 116 removed ("Open"; Figure 2 ). Only dominant and codominant trees were considered as subject trees; no 117 overtopped trees were sampled and saplings (less than ½ the height of the subject trees) were not 118 considered to be competitors. Subject trees were selected systematically along transect lines established on 119 a 50m grid with a random azimuth as a starting point. Subject trees were selected as the closest trees 120 meeting the above criteria every 20m, enforcing a minimum 20m distance between two trees of the same 121 competition class. Twenty or more subject trees from each competition class were selected at each of the 122 three sites, and two increment cores were removed from opposite sides of each tree at breast height (1.3m). 123
A variable-radius forest inventory plot was centered on each subject tree, using an 8m 2 /ha glass prism to 124 describe the basal area around trees of each class. 125
Laboratory Preparation 126
Increment cores were dried, glued to wooden mounts, and processed according to standard methods, 127
progressing from 120 to 600 grit sanding belts (Speer 2010 represented over a range of diameters by basal area than ring width (Lloret et al. 2011) . 139
Statistical Analysis 140
Growth response to thinning was quantified on the basis of 10-year increments to provide a dataset 141 statistically analogous to remeasurements in a standard thinning study. Basal area (inside bark) was 142 calculated for the year of the harvest (1975 for sites Colpitt and Sting, 1979 for site Vert) and in ten-year 143 steps before and after the harvest. Mean annual basal area increment (BAI) was calculated on the basis of 144 10-year means in the periods 1956-1965, 1966-1975, 1976-1985, 1986-1995, 1996-2005, and 2006-2015 at 145 sites Colpitt and Sting, and offset by four years for site Vert. Two time steps in the 1950s and 1960s were 146 included to test the assumption that the population had similar growth rate prior to the modification of the 147 competitive environment in the 1970s, and the 1975 (1979) basal area was used to check that trees were 148 initially of a similar size. Oneway ANOVA with a Bonferroni post-hoc test (α=0.05) was used to assess the 149 significance of differences in 10-year basal area and basal area increment among competition classes at 150 each site. Data were tested for normality in Stata 12.1 ® and transformed as noted in each table. In this and 151 the following tests, ANOVA was selected over ANCOVA or repeated measures ANOVA because it allowed 152 the analysis to compare drought events before and after the harvest on equal terms, and as some years 153 required different transformations than others to meet the assumption of normality. 154 Drought events were defined as years in which the total precipitation from the beginning of the 155 previous June to the end of the current June was in the 30 th percentile 156 (http://www.ec.gc.ca/dccha-ahccd/ accessed 2017) and where study-wide mean ring width index was in the 157 10 th percentile . The June-June precipitation total was selected after preliminary analyses 158 showed this 13-month period to have the highest correlation with ring width (cf. Watson & Luckman 2002, 159 who found the previous June through current May had the strongest overall correlation with Douglas-firD r a f t 9 chronology generated using a 10-year smoothing spline on raw ring widths to minimize the influence of 162 stand dynamics on annual variability, and inter-annual autocorrelation was reduced by adding the residuals 163 from an autoregressive model to each series prior to averaging to create the mean index (Bunn et al. 2017) . 164
Three years meeting these criteria were identified after the harvest (1988, 1995, and 2010) and one before 165 (1959). Precipitation was above the 30 th percentile in 1989, but the ring width index was the lowest in the 166 series, so that year was averaged with 1988 for analysis (following Lloret et al. 2011) . Precipitation was 167 below average but above the 30 th percentile in 1953, but the ring width index was within the 10 th percentile, 168 so 1953 was used as a second check on the assumption that the sampled trees had similar drought response 169 prior to the harvest. Trees <20 years old in 1953 (n=4) and 1959 (n=3) were dropped from the analysis for 170 those years, as drought resistance in newly established Douglas-fir in uneven-aged stands is often 171
anomalously high in contrast with older trees (unpublished data). 172
Drought resistance refers to the ability of the tree to maintain radial growth during a drought, while 173 drought resilience refers to the ability of the tree to return to its pre-drought radial growth rate after the 174 event (Lloret et al. 2011) . Drought resistance was quantified as the ratio of the basal area increment in the 175 event year (or mean of two years in a sustained event) to the mean basal area increment in the 5 years 176 preceding the event (Figure 3 ; Lloret et al. 2011) . Drought resilience was quantified as the ratio of the 5-177 year mean basal area increment after the event to the 5-year mean basal area increment before (Lloret et al. 178 2011 ). An additional metric particular to this study was the drought resistance relative to pre-harvest growth 179 (hereafter "baseline resistance"): the ratio of the basal area increment in the event year(s) to the 5-year 180 mean basal area increment in the period 1970-1974, prior to harvesting in all stands. While the 181 conventional resistance and resilience metrics are based on growth reductions relative to the growth rate 182 immediately preceding the event, the use of the pre-harvest growth rate as a baseline puts the growth in the 183 drought year in the context of the increased growth that has resulted in some trees due to the removal of 184 competitors. Oneway ANOVA (Bonferroni post-hoc test, α=0.05) was used to assess the significance ofD r a f t differences in drought resistance and resilience among competition classes within each site, with variables 186 transformed as noted in each table.  187 Total ring width, earlywood width, and latewood width indices for each competition class at each 188 site were calculated using a 10-year smoothing spline to recover annual growth variation with minimal 189 interference from the actual growth rate. Pearson correlation coefficients between these indices and the 190 monthly climatic variables measured at the Williams Lake Airport (previous June to current September; 191 http://www.ec.gc.ca/dccha-ahccd/ accessed 2017) were calculated for the 1975-2012 period using the 192 package treeclim (version 1.0.16) (Zang and Biondi 2015) in the open source statistical program R (version 193 3.2.2). Earlywood, latewood, and total ring widths were detrended and analyzed separately for each site as 194 these components of growth have previously been found to respond to distinct climatic variables 195 (Lebourgeois 2000) . Age was defined as the total ring count of the core that passed nearest the pith, with no 196 corrections for rings unaccounted for due to missing pith as Douglas-fir in this region often originate as 197 advance regeneration and can remain in a suppressed state for decades (Armleder 1999, unpublished 
data). 198
Results 199
Drought conditions in event years 200
Average precipitation from the beginning of the previous June to the end of the current June (pJJ) was 201 548mm at the Williams Lake Airport from 1937 to 2012. The lowest pJJ was recorded in 1988 , measuring 202 394mm. pJJ in 1953 , 1959 , 1989 , 1995 There were no significant differences in drought resistance among the competition classes at any 246 site in 1953 or 1959 (Table 3) , but the Interior class had lower drought resilience compared to both other 247 classes in 1953 at Vert Lake only (Table 4) . Drought resistance values were not significantly different 248 between the Open and Edge classes at all sites in all years after the harvest (Table 3) . In all cases where 249 statistically significant differences were found, the Interior class underperformed either the Open or the 250
Edge class, and in three cases (all years at Colpitt Lake) drought resistance in the Interior class was 251 significantly lower than both other classes. 252
Only two statistically significant differences were found among the drought resilience values after 253 the harvest, and the highest value did not belong to the Open class in either case (Table 4) showed a correlation with precipitation in the month of December that was less pronounced in the other 269 classes, and correlation values with current-June precipitation were generally higher in the Interior class. 270
These findings suggest a decreased sensitivity to drought stress in both the Open and Edge classes 271 following harvest, with few distinctions between the two. Negative correlations between both earlywood 272 and latewood widths and temperatures in June/July suggest that the rise in summer temperatures indicated 273 by climate change projections will have a negative influence on Douglas-fir growth. 274
Increased throughfall of precipitation in the trails offers an explanation for the lack of difference 275 between the Edge and Open class in drought resistance. In conventional thinning trials, gaps created 276 between canopies permit rainfall to reach the forest floor directly rather than striking and potentially 277 adhering to the canopy, leading to increased moisture availability in the soil (Bréda et al. 1995) . The same 278 phenomenon has been observed in harvesting trails established to facilitate a thinning treatment, andD r a f t 14 partially linked to the increased growth of trees adjacent to the trails compared to the interior of the thinned 280 stand (Wallentin and Nilsson 2011) . When trees are harvested exclusively from skid trails in a strip 281 thinning, those corridors experience increased throughfall and available moisture (Sun et al. 2015) . Trees 282 retained within harvest trails would have access to this resource in all directions and those on the edges 283 would have partial access, while those in the interior receive no such benefit from the harvest and some 284 face competition from their better-supplied neighbors on the edge of trails ( Figure 5) . 285
Inter-tree competition offers the simplest explanation for the differences found in growth rate, 286 though increased soil moisture in the trails likely contributes to growth as well. Mechanical abrasion 287 between crowns commonly leaves gaps between tree canopies (Franco 1986) , an effect that is visually 288 apparent in the field between Edge and Interior trees ( Figure 5 ). Open growing trees have little to no crown 289 abrasion or shading from competitors, while Edge trees face that competition on one side and Interior trees 290 are entirely surrounded. Greater crown size and conductive structure implies a greater demand for moisture, 291 potentially leading to a greater relative loss in growth when that demand cannot be met. Dominant 292 Douglas-fir with fully exposed crowns have been found to experience increased water stress attributed to 293 their isolation (Rudinsky 1966) . The moderate demand of the smaller-crowned, partly-shaded Edge trees 294 may explain their occasionally superior drought resistance and resilience. Exchange of nutrients or carbon 295 with immediately adjacent trees (Klein et al. 2016 ) may also play a role in drought tolerance; some cut 296 stumps in this study were observed to have formed extensive calluses over the cambium, suggesting 297 belowground transfer of resources. 298
Increased growth rate in the stem following complete or partial exposure also implies increased 299 capacity to set aside starch reserves that may carry trees through brief periods of stress (Mitchell et al. 300 1983) . The mechanisms of mobilizing starch reserves are poorly understood, but the general equation for 301 converting starch to glucose includes an input of water (Ray and Behera 2011) . In a study of sudden aspen 302 decline in Colorado, no difference was found in the carbohydrate reserves of seedlings suffering hydraulicD r a f t 15 failure vs. controls in a greenhouse experiment or among stands with varying levels of mortality attributed 304 to drought (Anderegg et al. 2012) . If the process of mobilizing starch reserves is moisture-limited, then the 305 starch reserves may not play a substantial role in drought resistance. If starch reserves are proportional to 306 stem growth (Waring 1987 ) and these reserves positively influenced drought tolerance, higher resistance 307 might be expected in the Open class compared to the Edge class on account of their significantly higher 308 growth rate. This trend is not apparent in the results of this study, providing no support for or evidence 309 against the hypothetical relationship between starch reserves and drought tolerance. 310
The mechanical harvests that form the basis of this study differ from the recommended mule deer 311 conservation practices (Dawson et al. 2007 ) in several potentially important ways. First, mule deer 312 guidelines suggest the creation of discrete clumps of 4-10 trees, while these harvests created more or less 313 open corridors several hundred meters in length, with an unmanipulated matrix between them. "Clumpy 314 retention" silviculture would leave fewer trees in the interior of clumps than were found in these stands, 315 more trees on the edge of clumps, and fewer in complete isolation. Second, thinning from below is 316 recommended during the first pass in a young stand of Douglas-fir in the wintering ranges, and in 317 subsequent harvests where a substantial pole-size (12.5-37.5cm diameter) component remains. This would 318 control the most severe inter-tree competition, while in the study stands there was no such treatment within 319 the matrix between trails. Finally, the single-tree selection harvesting recommended for mature stands 320 includes a basal area target that varies by habitat class, ranging from 16-29 m 2 /ha depending on the 321 moisture regime of the stand. This target basal area is well below that measured around trees in the Interior 322 class, and generally comparable to that measured around trees in the Open and Edge classes after 40 years 323 of growth. 324
The methods of this study limit inference to individual codominant and dominant trees following the 325 removal of older cohorts from an uneven aged stand. While young regeneration and saplings of 326 intermediate age were present at all sites, there were no substantially larger or older trees remaining withinD r a f t 16 50m of any of the subject trees. The applicability of these conclusions to other age classes and structures 328 remains to be tested. 329
Site Vert did not meet the assumption of equal growth rate or basal area prior to the harvest due to a 330 larger, faster-growing Open class. The Interior class had significantly lower drought resilience at site Vert 331 compared to both other classes in 1953 but not 1959. It is not clear what this difference is due to; possibly 332 the same factors that lead to the difference in growth rates. The difference in size and growth rate between 333 the Edge and Open classes compromises their comparison at site Vert. One significant difference is 334 affected: the resilience to the 1988/89 drought, where both values were >1.0 (indicating faster growth after 335 the drought than before) but the Edge class had a significantly higher value than the Open class. 336
Differences between the Edge and Interior classes and the Open and Interior classes are considered to be 337 valid due to the lack of differences found between these classes prior to the harvest. 338
Conclusion 339
Reduction of inter-tree competition through complete canopy isolation supports higher basal area 340 growth rates but provides no commensurate increase in drought tolerance relative to partially exposed trees. 341
Increased precipitation throughfall in the harvest corridors, similar to that noted in thinning trials, offers the 342 most parsimonious explanation for the similarity in drought resistance between fully and partially exposed 343 trees, though a variety of other interacting factors are at play. These benefits are likely to be realized 344 operationally in stands managed for mule deer conservation as recommended practices include more gaps 345 and lower residual densities than were left following the harvests of the 1970s. Long-term negative 346 correlations between summer temperature and growth indicate a higher risk of drought stress under 347 projected climate change, but these risks may be mitigated in the short to mid-term by either complete or 348 partial opening of the canopy around individual trees. Tables  1  Table 1 
